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ABSTRACT 


Adhesively  bonded  joints  were  failed  statically  and  in  fatigue  tc  test 
the  validity  of  a fatigue  life  assessment  model.  Ihe  results  of  the  tests 
were  in  agreement  with  both  the  assumptions  and  the  predictions  of  the 
model.  In  particular,  the  failure  mode  was  constant  for  all  tests  and  the 
observed  static  strength  and  fatigue  lives  were  adequately  modeled  by  the 
Weibull  family  of  distributions  with  constant,  but  different,  shape  para- 
meters over  the  range  of  test  c nditions  considered.  The  predicted  rela- 
tionship between  the  shape  parameters  as  a function  of  an  experimentally 
determined  material  property  wac  observed.  The  predicted  distribution 
of  residual  strength  as  a function  of  time  in  the  fatigue  environment  was 
verified  and  agreement  between  prediction  and  observation  for  an  accel- 
erated fatigue  test  was  obtained. 
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SECTION  I 


INTRODUCTION 

This  report  presents  the  results  of  an  experimental  program  designed 
to  test  the  applicability  of  a reliability  evaluation  model  to  the  structural 
behavior  of  adhesively  bonded  joints.  This  model,  developed  by  Hc.lpin, 

Jeri-^a  and  Johnson,  Reference  1,  is  based  on  a structural  reliability  assess- 
ment methodology  that  has  evolved  as  a result  of  developments  in  reliability 
analysis,  kinetic  fracture  mechanics,  and  the  introduction  of  the  closed-loop 
fatigue  testing  machines.  The  essential  features  of  the  approach  may  be 
summarized  as  follows.  Fatigue  failure  occurs  when  the  applied  stress 
exceeds  the  residual  strength  of  the  struct  re.  Repeated  low-level  stresses 
reduce  the  residual  strength,  and  it  is  postulated  that  the  mechanism  for 
this  strength  reduction  is  the  growth  of  flaws  which  are  inherent  to  all  struc- 
tures. Under  this  hypothesis  a model  was  developed  which  yields  the  distri- 
bution of  strength  as  a function  of  time  in  the  testing  environment.  The  model 
is  a function  of  the  statistical  parameters  of  the  initial  strength  distribution 
and  the  fatigue  life  distribution,  the  slope  of  the  flaw  growth  rate  equation,  a 
material  constant,  and  the  maximum  applied  stress  in  the  fatigue  spectrum. 
Further,  by  analogy  with  the  methods  of  viscoelastic  analysis,  Tsai,  Halpin, 
and  Pagano,  Reference  2,  the  statistical  parameters  of  the  strength  and  time- 
to-failure  distributions  are  modeled  by  well  defined,  shift  factor  type  rela- 
tionships when  the  tests  are  performed  under  varying  conditions  of  stress 
and  temperature  environments.  The  shift  factor  relationships.  are  derived 
from  static  tests  and  are  applied  to  fatigue  tests,  thus  allowing  the  fatigue 
tests  to  be  performed  in  an  accelerating  environment. 

To  validate  '.his  model  as  an  engineering  tool  in  the  fatigue  life  assess- 
ment of  quasi-brittle  adhesives,  specimens  were  statically  tested  at  various 
combinations  of  temperature  and  loading  rate  and  fatigue  tested  at  several 
levels  of  constant  amplitude  load  at  room  temperature.  The  test  specimen 
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used  for  the  experimental  program  was  a double  lap  joint  configuration  with 
graphite /epoxy  and  titanium  adherends  and  Reliabond  398  as  the  bonding 
agent.  The  resulting  data  were  then  analyzed  to  test  basic  assumptions  and 
parameter  relationships  of  the  model.  Using  a shift  factor  derived  from  the 
static  tests,  the  predicted  life  from  an  accelerated  fatigue  test  was  com- 
pared to  the  observed  life. 
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SECTION  II 


ANALYTICAL  FRAMEWORK 

The  complete  derivation  of  the  fatigue  life  methodology  under  consi- 
deration is  presented  in  f 1],  but  in  order  to  establish  notation  and  to  specify 
the  equations  of  interest  in  this  study,  the  following  summary  of  the  analyti- 
cal framework  is  presented.  Assume  that  the  strength  of  a structure  is  a 
function  of  the  size  of  the  maximum  flaw  and  that  flaw  growth  can  be  approxi- 
mated by 


dc 

dt 


M • cr 


, r>  1 


(1) 


where  r is  a material  constant  independent  of  test  or  service  environment 
and  M is  dependent  on  the  test  or  service  environment.  Then,  if  t = 0, 
the  residual  strength  at  time  t under  a loading  environment  is  derived  as 

F(t)2(r_1)  = F(0)Z(r"1}  - t(r-l)AFZr_  (2) 


whe  re 

F(t)  = strength  at  time  t 

A = environment  constant 

F = maximum  applied  stress  in  fatigue  spectrum 

max 

This  equation  implies  that  strength  at  time  t is  a deterministic  function 
of  the  unknown  initial  static  strength.  Assuming  that  the  initial  static  strengths 
have  a Weibull  distribution 


A 

P[F(0)  > F]  = exp  - [F/F(0)]ao 


(3) 
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where  <*  is  the  shape  parameter  and  F(0)  is  the  scale  parameter  (charac- 
€> 

terisfcic  life),  from  Equations  (2)  and  (3) 


P[  F(t)  > F]  = P F{0)  > 


f 


FZ|M,Hr.l]*F!r  l2 
' ‘ maxj 


r-i 


sp  - 


F2(r-1)  + t!r-l)AF2r 
max 

F(0)2*r-1) 


a. 


(4) 


where  = ao/2(r-l).  Sines  fatigue  failure  occurs  when  the  applied  stress 
exceeds  the  strength,  the  probability  of  survival  to  time  t is  P[F(t)  > F^]. 
For  F = Fmax  < < F(0),  Equation  (4)  for  the  fatigue  life  distribution  can  be 
approximated  by 


P[tf>t]  = P[F(t)>FmaJ 


- exp  - [t/t]af 


(5) 


where 


A 


characteristic  fatigue  life 


. m 


2(r-l) 


(r-l)AF 


2r 

max 


(6) 


(It  should  be  noted  that  for  this  study  ao  **  11»  r ^ 5 and  the  maxitmun  ratio 
of  F /F(0)  = 0.615  which  resulted  in  less  thar  a 1 percent  error  in  the 
approximate  fatigue  life  distribution.)  By  estimating  t^  from  fatigue  tests 
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i 


> 


for  a given  fatigue  stress  history,  Equation  (4)  can  be  used  to  generate  the 
distribution  of  residual  strengths  after  the  structures  have  been  exposed  to 
the  fatigue  environment  for  a time  t.  Further,  from  Equation  (6) 


£ 


k 


£ F2r  _ F(0) 
f max 


(r-1)  A 


= B 


(7) 


where  L is  a material  constant  for  a fixed  test  environment.  Hence,  a plot 

A 

of  log  F vs  log  t.  is  linear  with  slope  -1/2  r, 
max  ° f r 

Equation  (5)  implies  that,  for  a fixed  mode  of  failure,  the  shape  para- 
meter of  the  time  to  fatigue  failure  distribution  is  independent  of  history,  load, 
or  environmental  and  side  effects.  The  fatigue  life  shape  parameter  is  func- 
tionally related  only  to  the  initial  static  strength  shape  parameter,  a * and 

o 

the  material  constant,  r.  The  scale  parameter,  however,  is  dependent  on 
the  environmental  conditions.  In  particular,  for  a thermal  variation  with  all 
other  environmental  conditions  held  constant,  if 


m 


M = Ax  exp  - (AH/RT) 


(8) 


where  AH  is  a classical  activation  energy,  R is  the  gas  constant,  and  A^  is 
a material  parameter  then 


A = A2  exp  - (AH/RT) 


(9) 


where  A^  is  a material  parameter.  If  a^,  is  the  ratio  of  the  characteristic 
lifes  between  temperature  T,  and  a reference  temperature,  Tq,  then 


w 

MT) 


(10) 
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and  substituting  A values  from  Equation  (9)  in  Equation  (7)  yields 


(11) 

Since  the  shape  of  the  fatigue  life  distribution  is  constant,  the  effect  of  a 
temperature  change  is  to  shift  the  location  of  the  distribution  and  a^,  is 
called  the  shift  .factor. 

If  static  tests  are  performed  by  applying  a constant  loading  rate 
history,  F(t)  = Vt,  it  is  shown  that  the  breaking  strengths,  F^,  have  a 
Weibull  distribution 


log  ar 


- -AH 
2.3  R 


_1_ 

T 


PfFb  > F] 


exp  - [F/Fb] 


a. 


(12) 


where 

Fb  = [B«(2r+l)V]1/2r+1  (13) 

aQ  = 2r+l  (14) 

and  B'  is  dependent  on  thermal  and  other  environmental  effects.  Since 

A A 

F,  = Vt,  , Equation  (13)  can  be  written  in  the  form 
b b 


^ Fb2r  = B'(2r-M)  (15) 

A 

Thus,  a plot  of  log  Fb  vs  log  ^ is  linear  with  slope  -1/2  r and  is  parallel 
to  the  corresponding  plot  for  fatigue  lives,  Equation  (7).  To  shift  the  static 
time  to  break  curve  from  temperature  i to  reference  temperature  R,  assume 
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aT  = B'./B'^.  Then  by  taking  the  ratio  of  F^  to  FbR  as  expressed  in 
Equation  (13)  yields 


log  aT  = a ^ log 

>{  >' 
i 

- log 

r i 

V.. 

-1L 

v 

F-u 

”sj 

B 

(16) 


•where  V represents  loading  rate  j at  temperature  i,  Halpin  [3],  The 

shift  factors  can  then  be  applied  to  the  characteristic  lives  from  fatigue 

tests  to  permit  accelerated  testing  to  locate  the  fatigue  curve  on  the 

log  F vs  log  t/a  plot.  Since  the  model  indicates  the  slope  of  this 
max  X 

curve  is  - 1/2  r,  the  fatigue  curve  at  usage  temperature  is  thus  established. 

The  objectives  of  this  program  can  now  be  specifically  stated  in  terms 
of  the  assumptions  and  predicted  relationships  of  the  model.  These  are: 

1.  To  tae  extent  possible  check  the  applicability  of  the  Weibull 
model  to  the  static  strength  and  fatigue  life  distributions. 

2.  Test  the  constancy  of  the  Weibull  shape  parameter  for  the  static 
strengths  and  for  the  fatigue  lives. 

3.  Evaluate  the  predicted  relationships  between  aQ>  a.£  a^d  r- 

4.  Evaluate  the  predicted  d:  *tributiou  of  strength  as  a function  of 
time  in  the  loading  environment. 

5.  Compare  the  slope  of  the  log  F vs  log  t/a_  curves  to  - 1/2  r. 

max  x 

b.  Evaluate  the  shift  factors  derived  from  static  tests  by  performing 
an  accelerated  fatigue  test  and  comparing  observed  results  to  the 
predicted. 

7.  Evaluate  the  constancy  of  the  failure  mode  in  the  adhesively 
bonded  joint. 

The  results  of  the  studies  to  meet  these  objectives  are  presented  in 
Section  IV  following  the  presentation  of  the  test  methods. 
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EXPERIMENTAL  PROGRAM 

This  section  of  the  report  briefly  describes  the  experimental  proce- 
dures used  in  generating  the  tes.1.  data. 

3.  1 TEST  SPECIMEN  DESIGN  AND  FABRICATION 

The  fallowing  paragraphs  briefly  describe  the  methods  of  design  and 
fabrication  procedures  employed  in  producing  the  test  specimens. 

3. 1. 1 Test  Specimen  Configuration 

In  order  to  satisfy  the  program  objectives,  it  was  deemed 
necessary  to  design  a test  specimen  that  would  exhibit  a cohesive  failure  in 
the  bonded  joint  adhesive  system.  This  was  accomplished  through  the  use 
of  both  analytical  and  experimental  methods. 

An  initial  group  of  eight  test  specimens  was  fabricated  per  the 
aeo.'gn  shown  in  Figure  1.  Four  of  these  specimens  (specimens  P-1,  P-3, 
P-5,  and  P-7)  were  tested  to  failure  in  static  tension  at  a loading  rate  of 
1200  lbs  per  minute  at  room  temperature  and  room  humidity.  The  mean 
failure  load  was  1,785  lbs  for  the  first  joint  tc  fail  in  each  specimen  and 
1,  980  lbs  for  failure  of  the  second  joint.  The  failure  mode  was  an  adhesive 
failure  at  the  surface  of  the  graphite  adherend. 

The  test  specimen  configuration  was  subsequently  modified  by 
changing  the  relationship  between  the  axial  stiffness  of  the  adherends.  Two 
additional  test  specimen  configurations  were  defined  and  a group  of  eight 
specimens  was  fabricated  for  each  design.  The  test  specimen  configurations 
are  shown  in  Figures  2 and  3.  A comparison  of  the  adhere:. d stiffness  for 
all  three  configurations  is  presented  in  Table  I.  The  failure  data  for  all 
three  configurations  is  summarized  in  Table  II. 
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Figure  2.  Test  Specimen  Configuration  with  Reduced  Titanium 
Adherend  Thickness 
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TABLE  I 

TEST  SPECIMEN  ADHEREND  STIFFNESS 


Specimen  Configuration 
Figure  1 
Figure  2 
Figure  3 


Et  {psi  x in) 


Graphite 
1.2  x 106 
1.  2 x 106 
2.4  x 106 


Titanium 
3.4  x 106 
2.  14  x 106 
1.7  x 106 


table  n 

SUMMARY  OF  PRELIMINARY  TESTING 

Static  Tension 

_ Failure  Load 

Specimen 


No. 

1st 

2nd 

Comments 

P-1 

1750  lbs 

1675  lbs 

Adhesive  failure  at  graphite 

P-3 

1745 

2390 

adher end-adhesive  interface. 

P-5 

1720 

P-7 

1920 

1875 

Average 

1785 

1980 

P-9 

1700 

2000 

Adhesive  failure  at  graphite 

P-11 

1770 

1700 

adher  end-adhesive  interface. 

P-13 

1760 

1970 

P-15 

1780 

2020 

Average 

1755 

1925 

P-17 

4270 

3875 

Cohesive  failure  in  adhesive 

P-19 

4810 

4730 

system. 

P-21 

4100 

4180 

P-23 

3520 

4520 

Average 

4175 

4320 
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Test  specimens  P-9,  P-ll,  P-13,  and  P-15  had  the  configura- 
tion shown  in  Figure  2.  The  mean  failure  load  was  1,755  lbs  for  the  first 
joint  to  fail  in  each  specimen  and  1,  925  lbs  for  failure  of  the  second  joint. 

The  failure  mode  was  an  adhesive  failure  at  the  surface  of  the  graphite 
adherend. 

Test  specimen  P-17,  P-19>  P-21,  and  P-23  had  the  configura- 
tion shown  in  Figure  3.  The  mean  failure  load  was  4, 175  lbs  for  the  first 
joint  to  fail  in  each  specimen  and  4,  322  lbs  for  failure  of  the  second  joint. 

The  failure  mode  was  a cohesive  failure  in  the  Reliabond  398  adhesive 
system.  On  the  basis  of  this  experimental  parametric  study,  the  specimen 
configuration  shown  in  Figure  3 was  selected  for  use  on  this  experimental 
research  program. 

3.1.2  Test  Specimen  Fabrication 

The  test  specimens  were  fabricated  in  panels  5.75  inches  2ong 
by  9.5  inches  wide.  From  each  5.75  x 9.5  panel  a group  of  8 test  specie .iens 
(5.75  x 1)  were  cut  using  a diamond  impregnated  cut-off  wheel  with  liquid 
cooling.  A typical  test  specimen  is  shown  in  Figure  4 and  depicted  graphi- 
cally in  Figure  3. 

Each  test  specimen  was  assigned  a test  specimen  identification 
number  prior  to  layup  and  cure.  The  test  specimen  identification  number 
serves  to  uniquely  identify  each  specimen.  Adherend  and  test  specimen 
fabrication  data  were  recorded  for  each  test  specimen  fabricated.  Typical 
data  is  presented  in  Figure  5. 

3. 1.2. 1 Graphite  /Epoxy  Adherend  Fabrication 

All  composite  adhe rends  were  cut  from  38  x 40  inch 
Narmco  5208/Thornel  300  graphite  'epoxy  laminate  panels  purchased  from  the 
Whitaker  Corporation,  Narmco  Matei.als  Division,  Costa  Mesa,  California. 
Cutting  of  the  1.3  x 9.5  inch  cab  adhe  rends  and  the  2.5  x 9.5  inch  center 
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Figure  4.  Test  Specimen. 


adherends  was  accomplished  using  a diamond  impregnated  cut-off  wheel 
with  liquid  cooling.  The  graphite /epoxy  composite  was  positioned  during 
the  cutting  operation  to  yield  adherends  wi'h  zero  degree  fibers  parallel  to 
the  uniaxial  loading  direction  of  the  test  specimen. 

3 . 1 . 2 . 2 Titanium  Adhe  rend  Fabrication 

The  titanium  adherends  were  machined  from  0. 10 
inch  thickness  6A1-4V  rolled  sheet  stock.  The  machining  operation  yielded 
2. 125  x 9.  5 inch  and  1.25  x 9.5  inch  adherends  with  the  rolled  direction 
parallel  to  the  uniaxial  loading  direction  of  the  test  specimens. 

3. 1.2. 3 Specimen  Fabrication 

Prior  to  layup  and  cure  the  surfaces  of  the  titanium 
adherends  were  cleaned  with  MEK,  alkaline  cleaned,  rinsed,  vapor  de- 
greased, acid  etched,  rinsed,  dried  and  primed  with  Reliabond  398  Type  II 
primer.  The  surfaces  of  the  graphite /epoxy  adherends  were  prepared  for 
bonding  by  removing  the  nylon  peel  plies. 

The  5.75  x 9.  5 test  specimen  panel  was  formed  from 
the  layup  of  the  component  parts  using  the  mold  design  shown  in  Figure  6. 
Graphite /epoxy  adherends  were  first  placed  in  the  mold  followed  by  a sheet 
of  adhesive  (previously  cut  to  size).  The  titanium  adherends  were  then 
added  followed  by  another  sheet  of  adhesive  and  the  second  set  of  graphite/ 
epoxy  adherends  to  complete  the  layup.  The  dowel  pins  serve  to  locate  and 
hold  the  adherends  in  the  correct  location  during  the  cure  cycle.  Slip  fit 
holes  are  drilled  in  the  titanium  adherends  0.500  inches  from  the  edge  to 
control  the  length  of  the  bonded  joint.  The  center  graphite  adherends  were 
cut  to  fit  snugly  between  the  dowel  pins. 

Three  panels  were  cocured  in  a Tetrahedron  Asso- 
ciates, Inc.  18  x 18  inch  Mini-Clave  yielding  a total  of  24  specimens  per 
run.  The  cure  cycle  time  history  was  pre-programmed  and  automatically 
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controlled  by  closed-loop  feedback  control  from  a thermocouple.  The  con- 
trol circuit  thermocouple  and  six  additional  thermocouples  were  monitored 
on  an  x~y  plotter  for  every  cure  cycle.  The  cure  cycle  is  depicted  graphi- 
cally in  Figure  7.  This  cycle  has  a heat-up  rate  of  6°F/minute  and  a cure 
time  of  60  minutes  at  350°F  at  a pressure  of  30  psig. 

Drilling  of  the  fatigue  specimens  was  accomplished 
using  an  oversize  diamond  core  drill  for  drilling  the  graphite  /epoxy  ad- 
herends followed  by  a high  speed  steel  twist  drill  for  drilling  the  titanium 
adhe sends. 

A total  of  440  test  specimens  were  fabricated  for 
this  experimental  program. 

3.1.3  Quality  Control  of  Raw  Materials 

A total  of  six  38  x 40  inch  Narmco  5208/Thornel  300  graphite/ 
epoxy  panels  for  use  as  adherends  were  purchased  from  the  Whitaker  Cor- 
poration, Narmco  Materials  Division,  Costa  Mesa,  California.  Because  of 
the  test  specimen  redesign  described  in  Paragraph  3. 1. 1 these  laminates 
were  purchased  in  two  lots  of  three  each.  The  first  lot  of  laminates  was 
©rdered  on  15  November  1972  and  final  delivery  was  made  on  12  February 
1>973.  The  second  lot  of  laminates  was  ordered  on  21  May  1973  and  final 
delivery  was  made  in  late  August,  1973. 

Some  variation  in  thickness  existed  for  these  laminates  and  it 
appeared  that  the  location  of  the  joints  between  the  three  inch  wide  preim- 
pregnated tape  were  not  staggered  through  the  thickness  of  the  layup.  To 
ensure  that  this  variation  would  not  be  reflected  in  a variable  bond-line 
thickness,  the  tool  plate  side  of  the  laminate  was  used  as  the  joint  side  of 
the  graphite  adherend.  Further,  for  any  given  test  specimen  layup,  the 
graphite  adherends  were  taken  from  adjacent  locations  in  the  graphite /epoxy 
laminate  to  minimize  thickness  differences. 
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Quality  control  data  for  the  graphite /epoxy  laminates  is  pre- 
sented in  Tables  III  through  VIII.  Two  three  inch  by  eight  inch  15  ply  uni- 
directional laminates  were  co-cured  with  each  of  the  38  x 40  inch  angle  ply 
laminates.  One  of  these  was  tested  by  Whitaker  Corporation  and  the  other 
by  the  University.  Longitudinal  flexure,  transverse  flexure,  and  short  beam 
shear  results  from  these  tests  are  reported  in  Tables  III  through  VI.  In 
addition,  the  University  has  conducted  longitudinal  and  transverse  tension 
tests  on  specimens  taken  from  each  of  the  [0/  + 45/0/-45/0  /-45/0/+45/0] 
angle-ply  laminates.  Test  results  for  the  six  laminates  are  reported  in 
Table  VII.  The  graphite  fiber  content  of  the  first  five  graphite /epoxy  com- 
posite panels  was  established  using  optical  and  acid  extraction  measurement 
techniques.  Due  to  the  difficulty  in  establishing  the  density  of  the  graphite 
fibers,  the  fiber  volume  by  the  optical  method  is  considered  to  be  the  correct 
value.  Fiber  volume  data  for  the  graphite /epoxy  panels  is  presented  in 
Table  VIII. 

The  titanium  sheet  stock  for  the  test  specimen  adherends  was 
received  and  sized  for  final  fabrication.  A significant  variation  in  the  tita- 
nium sheet  thickness  from  one  sheet  to  the  next  existed.  Therefore,  the 
adherends  were  sorted  and  grouped  such  that  all  adherends  forming  any  one 
specimen  had  the  same  thickness. 

The  certified  mechanical  property  test  results  for  the  A1-4V 
titanium  material  were: 

a ult  = 145, 600  psi 

a yield  = 134,  900  psi 
Elongation  = 13.5  percent 

The  University  ordered  150  sq.  ft.  of  Reliabond  398  adhesive 
from  the  Reliable  Manufacturing  Company,  Fountain  Valley,  California.  A 
shipment  of  83  sq.  ft.  of  this  adhesive  was  received  on  27  December  1972. 
Since  it  was  desirable  that  all  the  adhesive  be  from  one  batch,  the  adhesive 
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TABLE  HI 


WHITAKER  CORP.  QUALITY  CONTROL  TEST  RESULTS 
FOR  NARMCO  5208/THORNEL  300  GRAPHITE  EPOXY 
15  PLY  UNIDIRECTIONAL  LAMINATE 


Test  Result 

Panel  1 

Panel  2 

Panel  3 

Longitudinal  Flex. 

249  ksi 

306  ksi 

292  ksi 

Strength 

307 

297 

305 

313 

292 

305 

Average 

305  ksi 

299  ksi 

300  ksi 

University 

200  ksi 

200  ksi 

200  ksi 

Specification 

Transverse  Flex. 

10  ksi 

10  ksi 

10  ksi 

Strength 

12 

12 

10 

9 

9 

10 

Average 

10  ksi 

10  ksi 

10  ksi 

University 

9 ksi 

9 ksi 

9 ksi 

Specification 

Short  Beam  Shear 

17  ksi 

18  ksi 

17  ksi 

17 

16 

16 

17 

17 

16 

Average 

17  ksi 

17  ksi 

16  ksi 

University 

12  ksi. 

12  ksi 

12  ksi 

Specification 

Longitudinal  Flex. 

2 1 . 3xl0^psi 

21.  4xl0^psi 

19. 4xl0^psi 

Modulus 

21.  1 

20.8 

21.  0 

23.  1 

21.4 

21.4 

Average 

21. 8xl0^psi 

21.2xl06psi 

20.  6xl0^psi 

NOTE:  1.  All  tests  conducted  at  room  temperature. 

2.  Longitudinal  flexure  tests  were  conducted  in  3 point  loading 
at  2. 25  inch  span. 

3.  Transverse  flexure  teste  were  conducted  in  4 point  loading 
at  a 2.  00  inch  span. 
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TABLE  IV 


WHITAKER  CORP.  QUALITY  CONTROL  TEST  RESULTS 
FOR  NARMCO  5208/THORNEL  300  GRAPHITE  EPOXY 
15  PLY  UNIDIRECTIONAL  LAMINATE 


Test  Result 

Panel  4 

Panel  5 

Panel  6 

Longitudinal  Flex. 

322  ksi 

182  ksi 

286  ksi 

Strength 

349 

293 

302 

360 

283 

291 

Average 

343  ksi 

253  ksi 

293  ksi 

University 

Specification 

200  ksi 

200  ksi 

200  ksi 

1 


Transverse  Flex. 
Strength 

Average 

University 

Specification 


15.5  ksi 
10.  9 
10.  1 

12.2  ksi 

9.  0 ksi 


9.3  ksi 
11.  0 
10.8 

10. 3  ksi 

9. 0 ksi 


9.  2 ksi 

10,4 

11.  0 

10.  2 ksi 

9.  0 ksi 


Longitudinal  Flex. 
Modulus 

Average 


Not 

Available 


Not 

Available 


Not 

Available 


NOTE:  1.  All  tests  conducted  at  room  temperature. 

2.  Longitudinal  flexure  tests  were  conducted  in  3 point 
loading  ut  2.25  inch  span. 

3.  Tranverse  flexure  tests  were  conducted  in  4 point 
leading  at  a 2.00  inch  span. 


TABLE  V 


UNIVERSITY  OF  DAYTON  QUALITY  CONTROL  TEST  RESULTS 
FOR  NARMCO  5208/THORNEL  300  GRAPHITE  EPOXY 
15  PLY  UNIDIRECTIONAL  LAMINATE 


i 


Test  Result 

Panel  1 

Panel  2 

IV.nel  3 

Londitudinal  Flex. 
Strength 

227a  ksi 

259 

183 

269  ksi 

259 

289 

265  ksi 

291 

263 

Average 

221  ksi 

272  ksi 

273  ksi 

University 

Specification 

200  ksi 

200  ksi 

200  ksi 

Transverse  Flex. 
Strength 

8.  0a  ksi 

8.9 

9.5 

9. 1 ksi 

8.9 

8.8 

7.7  ksi 
8.  1 

8.8 

Average 

8.8  ksi 

8.  9 ksi 

8.  2 ksi 

University 

Specification 

9 ksi 

9 ksi 

9 ksi 

Short  Beam  Shear 

13. 5b  ksi 
12.6 
14.2 

10,0  ksi 

10.5 

10.  1 

11.0  kei 

12.0 
11.0 

Average 

13.4  ksi 

10.2  ksi 

11.  3 ksi 

University  12  ksi  12  ksi  12  ksi 

Specification 


TABLE  VI 


UNIVERSITY  OF  DAYTON  QUALITY  CONTROL  TEST  RESULTS 
FOR  NARMCO  5208/THORNEL  300  GRAPHITE  EPOXY 
15  PLY  UNIDIRECTIONAL  LAMINATE 


Test  Result 

Panel  4 

Panel  5 

Panel  6 

Longitudinal  Flex. 
Strength 

197a  ksi 

241 

228 

23d  ksi 

252 

251 

276  ksi 

241 

255 

Average 

222  ksi 

246  ksi 

257  ksi 

University 

Specification 

200  ksi 

200  ksi 

200  ksi 

Transverse  Flex. 
Strength 

9. 8a  ksi 
12.4 
8.3 

9. 6 ksi 
10.0 
10.3 

11.  0 ksi 

12.3 

10.2 

Average 

10.2  ksi 

10. 0 ksi 

11.2  ksi 

University 

Specification 

9 ksi 

9 ksi 

9 ksi 

Short  Beam  Shear 

12. 5b  ksi 
12.5 

11.8  ksi 
12.3 

11.9 

12. 2 ksi 
11.  1 
11.  1 

Average 

12.5  ksi 

12. 0 ksi 

11.4  ksi 

University 

Specification 

12  ksi 

12  ksi 

12  ksi 

Longitudinal  Flex. 
Modulus 

15.9  x 106  psi 
18.  1 
16.8 

15.8  x 106  psi 
21.3 

18.8 

19.8  x 106  ; 

17.3 

16.7 

Average 

16.  9 x 10b  psi 

18. 6 x 10^  psi 

17.9  x 106 

aSpan  to  depth  ratio  of  32:1  tested  at  cross-head  speed 
of  0.  05  in.  /min. 

bSpan  to  depth  ratio  of  5:1  tested  at 

cross-head  speed  of 

0.  05  in.  /min. 
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1LT 

133 

12.8x10 

119.5 

12.8 

123.2 

12 

2LT 

137 

12.3 

113.5 

13.6 

120.8 

12 

3LT 

.126 

12.5 

111.9 

13.0 

109.8 

13 

Average 

132 

12.5 

115.0 

13. 1 

117.9 

12 

lTTb 

19.6 

1.21 

22.6 

3.09 

22.4 

3. 

2TT 

20.4 

1.45 

24.7 

2.94 

22.7 

3. 

3TT 

18.2 

1.46 

22.7 

3. 15 

23.2 

3. 

Average 

19.4 

1.37 

23.3 

3.06 

22.8 

3. 

Panel  4 c 

Panel  5 

Panel  6 

lLTa 

69. 1 

13.5 

106.0 

12.3 

Not  Available 

2LT 

80.0 

15.9 

84.6 

13.  1 

118.6 

13. 

3LT 

89.3 

14.8 

99.6 

12.5 

111.3 

13. 

Average 

79.5 

14.7 

96.7 

,12.6 

114.9 

13, 

lTTb 

19.9 

2.77 

17.3 

1.17 

19.4 

3.2 

2TT 

18.5 

2.90 

17.7 

0.55 

20.4 

2.  1 

3TT 

16  8 

3.27 

19. 1 

0.55 

18.8 

3. 1 

Average 

18.  1 

2.98 

18.0 

0.76 

19.5 

3.2 

NOTE:  1.  All  tests  were  conducted  using  standard  ITTRI 

test  specimens  unless  otherwise  noted. 

cl 

2.  Denotes  tests  were  conducted  with  the  tensile 
load  applied  parallel  to  the  zero  direction  fibers 
(longitudinal  tension). 

3.  b Denotes  tests  were  conducted  with  the  tensile 
load  applied  perpendicular  to  the  zero  direction 
fibers  (transverse  tension). 


4.  Longitudinal  Tension  specimens  were  half 
scale  IITRI  specimens  for  Panel  4. 


TABLE  Yin 


FIBER  VOLUME  RESULTS  FOR  GRAPHITE/EPOXY 
ANGLE  PLY  LAMINATES 


Density3 

Resin  Content*3 

Q 

Fiber  Volume 

Panel 

(gram/ cc) 

(%  by  Weight) 

Acid  Extraction  i 

Optical 

1 

1.59 

29.0 

63.9 

67.2 

2 

1.57 

28.7 

64.4 

67.8 

3 

1.60 

28.0 

65-  1 

71.4 

4 

1.57 

29.3 

63. 6 

67.2 

5 

1.54 

31.0 

61.  5 

70.2 

Test  method  ASTM  0792-64T  displacement  of 
water. 

^By  acid  extraction. 

c 

The  optical  method  is  considered  to  be  the 
correct  value. 
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was  reordered.  A shipment  of  156  sq.  ft.  of  Reliabond  398  adhesive  from 
batch  346,  supported  on  cloth  and  sized  to  a weight  of  0.080  lb  per  sq.  ft. 
was  received  on  9 January  1973. 

The  adhesive  quality  of  the  Reliabond  398  adhesive  was  esta- 
blished at  the  start  and  the  conclusion  cf  the  test  specimen  fabrication  pro- 
gram by  fabricating  and  testing  single  lap  joint  sher.r  specimens  using 
2024-T3  aluminum  alloy  adherends.  These  tests  we  re  conducted  in  accor- 
dance with  ASTM-D1002.  The  resulting  average  adhesive  strength  for  seven 
specimens  tested  at  the  start  of  the  fabrication  program  was  3115  psi  and  all 
failures  were  adhesive.  The  resulting  average  adhesive  strength  for  5 
specimens  tested  at  the  conclusion  of  the  fabrication  program  was  3019  psi 
and  again  all  failures  were  adhesive.  Results  of  these  tests  are  presented 
in  Table  IX  and  X,  respectively. 
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3.2  TESTING  PROGRAM 

All  static  strength  and  fatigue  testing  was  performed  on  the  University's 
MTS  closed -loop  control  testing  systems. 

Specimens  tested  at  nominal  room  temperature,  room  humidity  condi- 
tions were  stored  at  the  controlled  laboratory  conditions  of  73±2°F  and 
60±5  percent  relative  humidity  from  completion  of  fabrication  to  start  of 
testing. 

The  specimens  tested  at  high  or  low  temperature  at  room  humidity 
were  subjected  to  one  hour  soak  times  at  temperature  prior  to  testing.  Both 
the  soak  time  and  testing  were  conducted  in  an  Instron  environmental 
chamber.  Specimens  were  allocated  for  testing  using  a quasi-random  selec  - 
tion  procedure. 

3.2.1  Static  Strength  Testing 

Ten  specimens  were  statically  loaded  to  failure  at  each  com- 
bination of  five  temperatures,  T = -40°,  73°,  150°,  250°,  and  300°F,  and 


i 

i 
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table  IX 


QUALITY  CONTROL  DATA  FOR  RELIABOND  398  ADHESIVE 
SINGLE  LAP  JOINT  SHEAR  SPECIMENS  FABRICATED  AND  TESTED 
AT  THE  START  OF  THE  TEST  SPECIMEN  FABRICATION  PROGRAM 


Joint  Bond  Ultimate  Type  of 

Specimen  Width  Length  Thickness  Strength  Failure 


(in) 

(in) 

(in) 

(psi) 

1 

.9952 

.52 

.0050 

3,  170 

Ad 

2 

.9931 

.52 

. 0054 

3,080 

Ad 

3 

.9941 

.52 

. 0045 

3,  175 

Ad 

4 

.9990 

.50 

.0057 

3,  185 

Ad 

5 

. 992C 

.52 

.0045 

3,020 

Ad 

6 

1.0019 

.50 

.0059 

2,915 

Ad 

7 

.9931 

.50 

.0072 

3,265 

Ad 

Average 

3,  115 

NOTE:  1.  Adherends  were  2024- T3  aluminum. 

2.  Cure  conditions  were  1 hour  at  350°F 
at  30  psig  pressure. 

3.  Heat-up  rate  was  5-7  degrees  per  minute. 


TABLE  X 


QUALITY  CONTROL  DATA  FOR  R ELIA  BOND  398  ADHESIVE 
SINGLE  LAP  JOINT  SHEAR  SPECIMENS  FABRICATED  AND  TESTED 
AT  THE  CONCLUSION  OF  THE  TEST  SPECIMEN  FABRICATION  PROGRAM 


Specimen 


1 

2 

3 

4 

5 


Joint  Bond  Ultimate  Type  of 

Width  Length  Thickness  Strength  Failure 


(in) 

(in) 

(in) 

(psi) 

.9981 

.52 

. 0050 

3,025 

Ad 

.9997 

.53 

. 0050 

3,  133 

Ad 

1.0022 

.55 

. 0057 

2,940 

Ad 

1.0040 

.55 

.0050 

2,970 

Ad 

1.0025 

.55 

. 0050 

3,029 

Ad 

Average 


3,019 


NOTE: 


1.  Adherends  were  2024-T3  aluminum. 

2.  Cure  conditions  were  1 hour  at  350°F 
at  30  psig  pressure. 


3.  Heat  up  rate  was  5-7  degrees  per  minute. 
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three  loading  rates,  V = 120,  1200,  and  12000  Ib/min  at  room  humidity. 

In  addition,  the  undamaged  second  joints  of  the  specimens  tested  at  T = 73°F 
were  loaded  to  failure  using  the  same  loading  rate  and  temperature  conditions 
which  were  used  in  producing  the  first  joint  failure.  Ten  specimens  were 
also  failed  at  T = 200°F,  room  humidity,  and  V = 1200  lb/min.  Instron 
grips  with  serrated  loading  wedges  were  used  to  transmit  the  loading  to 
the  graphite /epoxy  tab  adherends  for  all  static  strength  testing.  Load  vs 
time  curves  were  generated  and  recorded  for  each  static  strength  test  con- 
ducted. Static  strength  test  data  is  presented  in  Tables  XIII  through  XXVIII 
in  Appendix  A. 

3.2.2  Fatigue  and  Residual  Strength  Testing 

Constant  amplitude  fatigue  tests  were  conducted  with  R * 0.1 

at  room  temperature  (T  = 73°F)  and  humidity  for  seven  levels  of  maximum 

load,  F = 3100,  2900,  2700,  2500,  2350,  2150,  and  2000  lb.  Fifteen 
max 

specimens  were  also  fatigue  tested  at  T = 200  F and  room  humidity  for 

F = 2000  lb.  All  fatigue  specimens  were  loaded  through  six  0.  1875  inch 
max 

dia  drilled  holes  as  shown  in  Figure  3.  A cumulative  count  of  loading  cycles 
was  kept  for  each  fatigue  test  specimen  using  digital  counters. 

Residual  strength  data  was  generated  by  statically  testing  (at 
1200  lb/min,  room  temperature  and  humidity)  the  undamaged  second  joints 
of  the  fatigue  specimens  tested  at  = 3100,  2900,  2700,  2500,  and 

2000  lb.  Fatigue  and  residual  strength  data  are  presented  in  lables  XXJX 
through  XXXV  in  Appendix  A.  Room  temperature  fatigue  data  points  are 
plotted  in  Figure  8. 
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SECTION  IV 


ANALYSIS  OF  TEST  RESULTS 

The  specific  objectives  of  the  test  program  are  enumerated  in 
Section  II.  To  accomplish  these  objectives,  the  adhesive  joint  specimens 
were  tested  statically  at  various  combinations  of  temperature  and  loading 
rate  and  in  constant  amplitude  fatigue  at  a reference  temperature  for 
several  levels  of  maximum  applied  load  and  also  at  an  accelerating  tem- 
perature. The  analysis  of  the  resulting  data  can  be  considered  in  three 
categories:  the  distributional  properties  of  the  static  strengths  and  times 
to  failure;  the  distribution  of  residual  strength  as  a function  of  time  in  the 
fatigue  environment;  and,  the  determination  of  the  shift  factors  and  their 
application  to  the  accelerated  test  result.  These  categories  of  analysis 
are  discussed  in  the  following  paragraphs. 

4.  1 DISTRIBUTIONAL  PROPERTIES 

This  category  is  concerned  with  the  applicability  of  the  Weibull  model 
to  the  strength  and  time  to  fatigue  failure  distributions,  the  constancy  of 
the  estimates  of  the  Weibull  shape  parameter,  and  the  predicted  relation- 
ship between  the  shape  parameter  for  the  static  strengths  and  fatigue  lives. 

4.  1. 1 Static  Strengths 

Ten  specimens  were  statically  loaded  to  failure  at  each  com- 
bination of  live  temperatures,  T = -40°,  73°,  150°,  250°,  and  300°F,  and 
three  loading  rates,  V = 120,  1200,  and  12000  lb/min.  Ten  specimens  were 
also  failed  at  T = 200°F  and  V = 1200  lb/min.  The  choice  of  loading  rates 
was  arbitrary  except  that  an  order  of  magnitude  separation  was  selected  to 
permit  discrimination  in  the  loading  rate  effect  on  characteristic  strength. 
The  initial  choices  for  lest  temperature  were  T = -40°,  73°,  and  300°F. 
From  these  tests  it  was  noted  that  the  expected  loading  rate  effect  as 
expressed  i»  Equation  (15)  was  present  only  at  the  higher  temperatures. 
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Test  were  then  conducted  at  the  intermediate  temperatures  to  further  inves- 
tigate the  effect  of  loading  rate  and  to  obtain  several  data  points  for  the 
shift  factor  vs  temperature  correlation. 

For  each  of  the  sixteen  sets  of  static  strength  data,  the  maxi- 
mum likelihood  stimates  of  the  scale  and  shape  parameters  were  obtained. 
Maximum  likelihood  estimates  were  used  due  to  the  efficiency  of  this 
estimation  procedure  for  small  sample  size  and  the  ready  availability  of 
tables  for  placing  confidence  limits  on  the  estimates  of  the  shape  and  scale 
parameters,  Reference  [4],  It  should  be  noted  that  the  maximum  likelihood 
estimate  c*  the  shape  parameter  is  biased  and  that  the  multiplicative  un- 
biasing factor  for  a sample  of  size  10  is  0.859. 

Table  XI  presents  the  summary  statistics  including  the  90  per- 
cent confidence  intervals  for  the  shape  and  scale  parameters  of  the  static 
strength  data.  Using  the  criterion  of  non-overlapping  confidence  intervals 
as  an  indication  of  a significant  difference  it  can  be  seen  that  loading  rate 
fcr  a fixed  temperature  does  not  result  in  significantly  different  character- 
istic strengths  for  temperatures  of  150°F  and  lower,  but  there  if,  a signi- 
ficant difference  for  T = 250°  and  300°F.  For  the  shape  parameters  all 
confidence  intervals  were  overlapping  except  for  the  highest,  aQ  = 22.06  at 
T = 250°F,  V = 120  lb/min,  with  the  two  lowest  a = 8.  01  at  T = -40°F, 

V = 120  lb/min,  and  a = 8.44  at  T = 73°F,  V = 1200  lb/min.  Since  the 

o 

highest  <xq  was  the  only  significantly  different  value,  it  is  concluded  that  a 
value  this  large  was  due  to  chance  and  that  these  data  indicate  a constant 
shape  parameter  for  static  strengths.  The  failure  mode  of  all  of  the  speci- 
mens was  determined  by  examination  to  be  a cohesive  failure  in  the 
adhesive  layer. 

4.1.2  Fatigue  Lives 

Constant  amplitude  fatigue  tests  were  conducted  with  R = 0.  1 

o 

at  the  reference  temperature  of  T = 73  F for  seven  levels  of  maximum  load, 
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TABLE  XI 

SUMMARY  STATISTICS  FOR  STATIC  STRENGTH  DATA  j 


T(°F) 

V(Ib  /min) 

Sample 

Size 

F(0)(psi) 

ao 

90%  Confidence 
limits  on  F(0) 

90%  Confidence 
limits  on  a 

o 

-40 

120 

10 

5170 

8.01 

4766 

5612 

4.43 

10.85 

1200 

10 

5760 

11.37 

5417 

6130 

6.00 

15.  60 

12000 

10 

5640 

13.87 

5382 

5914 

7.68 

18.79 

73 

120 

10 

5060 

12.32 

4799 

5337 

6,82 

16.  69 

1200 

10 

4950 

8.44 

4591 

5361 

4.67 

11.44 

12000 

10 

5140 

13.34 

4920 

5388 

7.97 

19.53 

150 

120 

10 

4450 

11.37 

4204 

4717 

6.29 

15.41 

1200 

10 

4510 

8.88 

4195 

4861 

4.91 

12.03 

12000 

10 

4610 

13.64 

4420 

4815 

7.89 

19.32 

200 

1200 

10 

3950 

12.98 

3758 

4 .'.57 

7. 18 

17.59 

250 

1?0 

10 

2840 

22.06 

2758 

2927 

12.21 

29.89 

1200 

10 

3190 

13.68 

3046 

3352 

7.57 

18.54 

12000 

10 

3490 

16.01 

3349 

3634 

8.86 

21.  69 

300 

120 

10 

1690 

10.95 

1596 

1799 

6.  06 

14.84 

1200 

10 

2150 

9.08 

2001 

2311 

5.02 

12.30 

12000 

10 

2880 

16.51 

2769 

2997 

9.  14 

22.37 

l 


F = 3100,  2900,  2700,  2500,  2350,  2150,  and  2000  lb,  and  at  an 
max 

accelerating  temperature  of  T = 200  F with  = 2000  lb.  Again  all 

failed  specimens  were  examined  for  constancy  of  failure  mode  and  were 

found  to  exhibit  a cohesive  failure  in  the  adhesive  layer.  In  three  sets  of 

tests,  T = 73°F  and  F = 2500,  2150,  and  2000  lb,  runouts  were  observed 

maoc 

which  were  an  order  of  magnitude  or  greater  than  the  characteristic  life  of 
the  remaining  specimens  in  the  set,  although  no  assignable  cause  could  be 
found  for  these  long  lives,  they  were  considered  indicative  that  the  distribu- 
tion of  fatigue  lives  of  adhesive  joints  may  be  a mixture  of  distributions  with 
two  modes.  A second  explanation  is  that  the  fatigue  lives  of  adhesive  joints 
display  extreme  variability.  A much  larger  sample  size  would  be  required 
to  distinguish  between  these  hypotheses.  Since  primary  interest  in  the  prac- 
tical problem  is  in  the  distribution  of  the  shorter  lives,  the  runouts  were 
eliminated  in  the  following  analysis  of  the  fatigue  data.  In  particular,  one 

test  was  eliminated  at  P = 2500  lb,  three  were  eliminated  at  P =2150  lb 

max  max 

and  the  six  runouts  to  15  x 10^  cycles  at  P = 2000  lb  were  eliminated 

max 

(see  Figure  8).  If  the  hypothesis  of  a bimodal  distribution  is  accepted  and  in 
view  of  the  relative  frequency  of  early  failures  (particularly  at  P ax  = 2000  lb), 
perhaps  other  of  the  long  lives  sho'ild  have  been  eliminated  in  the  modeling  of 
the  earlier  failures.  In  the  absence  of  a definitive  criteria  for  elimination, 
however,  the  remaining  data  points  were  included  in  the  analysis. 

A few  comments  may  be  in  order  concerning  the  density  function 

if  the  Weibull  distribution.  For  values  of  the  shape  parameter  greater  than 

one,  the  Weibull  density  function  has  a single  positive  mode  while  for  a shape 

parameter  less  than  one  the  Weibull  density  is  asymptotic  to  the  vertical  axis 

at  the  origin.  Thus,  for  shape  parameters  less  than  one  there  is  a higher 

probability  of  obtaining  very  early  failures  than  for  a shape  parameter  greater 

than  one.  When  all  fifteen  data  points  at  P = 2000  lb  were  considered  in 

max 

estimating  the  shape  parameter,  using  the  maximum  likelihood  equations  for 
a truncated  sample,  a shape  parameter  of  0.36  was  obtained.  This  small  value 
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resulted  from  the  scatter  introduced  from  the  long  lived  components.  Using 
the  estimate  of  scale  parameter  the  Weibull  distribution  indicates  a 7 percent 
probability  of  a specimen  failing  before  10,000  cycles.  This  high  of  a pro- 
bability is  contrary  to  experience  and  is  indicative  of  the  lack  of  fit  of  the 
Weibull  model  to  the  total  data  set.  Further,  by  eliminating  only  the  six 
runouts,  a shape  parameter  of  0.69  was  obtained  which  also  yields  a reason- 
ably high  probability  of  failure  (4.5%)  before  10,000  cycles.  Therefore, 
since  experience  indicates  that  the  Weibull  shape  parameter  should  be  greater 
than  one,  either  more  high  data  points  should  have  been  assigned  to  the  high 
modal  distribution  or  the  data  are  not  well  modeled  by  the  two  parameter 
Weibull  distributions.  This  question  cannot  be  resolved  by  the  data  of  this 
study. 

The  summary  of  statistics  including  confidence  intervals  for  the 
shape  and  scale  parameters  of  the  fatigue  test  data  are  presented  in  Table  XII. 
Again  the  equality  of  the  shape  parameters  was  tested  by  the  90  percent  con- 
fidence intervals  but  with  somewhat  inconclusive  results.  The  middle  six 
values  were  not  significantly  different  but  the  highest  was  significantly 
greater  than  the  three  lowest  and  the  lowest  value  was  significantly  less  than 
the  three  highest.  Further,  there  was  a distinct  decreasing  trend  in  a.£  with 
increasing  characteristic  life.  Nevertheless,  in  view  of  the  possibility  of 
the  lower  values  being  influenced  by  a bimodality  of  the  fatigue  life  distri- 
bution, it  was  concluded  that  the  fatigue  data  does  not  contradict  the  assump- 
tion of  a constant  shape  parameter  for  practical  engineering  applications. 

4.1.3  Applicability  of  Weibull  Model 

Since  each  data  set  in  either  the  static  or  fatigue  tests  contains 
few  data  points,  a test  of  the  Weibull  distribution  function  for  each  set  would 
not  be  meaningful.  A Kilmogoroff-Smirnov  goodness  of  fit  test  for  a sample 
of  size  10  fails  to  reject  the  Weibull  hypothesis  at  a level  of  significance  of 
0.2  for  all  of  the  data  sets  but  this  test  has  little  discriminatory  power  with 
a small  sample  size.  However,  given  a constant  shape  parameter,  dividing 
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TABLE  XII 

SUMMARY  STATISTICS  FOR  FATIGUE  DATA 


T(°F) 

Max  Load 
(lbs) 

Sample 

Size 

A 

t 

(min) 

a,£ 

90%  Confidence 

A 

limits  on  t 

90%  Confidence 
limits  on  a.f 

73 

3100 

10 

53 

2.62 

42 

69 

1.93 

4.73 

73 

290C 

10 

140 

2.22 

104 

193 

1.23 

3.01 

73 

2700 

10 

124 

1.99 

90 

174 

1.  10 

2.70 

73 

2500 

9 

1020 

1.43 

627 

1679 

0.75 

1.96 

73 

2350 

6 

77? 

0.92 

280 

2321 

0.38 

1.32 

73 

2150 

8 

485 

1.56 

300 

802 

0.77 

2.  17 

73 

2000 

9 

2870 

0.69 

1054 

8114 

0.36 

0.95 

200 

2000 

15 

367 

1.34 

253 

537 

0.86 

1.74 
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each  data  point  by  its  respective  scale  parameter  yields  data  sets  of  160 
points  for  the  static  tests  and  77  points  for  the  fatigue  tests.  Further,  the 
transformed  data  should  have  a scale  parameter  of  one  and  shape  parameters 
of  <xQ  and  a,.  When  this  transformation  was  performed,  the  unbiased  maxi- 
mum likelihood  estimates  of  the  shape  parameters  were  <xq  = 11.23  and 
af  = 1.26  with  scale  parameters  of  1.  001  and  1.  076  for  the  static  and  fatigue 
data,  respectively.  The  unbiased  average  shape  parameters  of  the  individual 
data  sets  were"o^  = 10.96  and"a^  = 1,  37  which  are  in  agreement  with  the 
standardized  parameter  estimates.  The  observed  cumulative  distributions 
of  the  transformed  data  points  and  their  Weibull  fits  are  presented  in  Figure  9. 
The  differences  between  the  theoretical  and  observed  distributions  are  not 
significant  and  it  is  concluded  that  the  Weibull  distribution  is  an  acceptable 
model  for  both  the  static  strength  and  fatigue  life  data. 


Parameter  Relationship 


The  fatigue  characteristic  lives  are  erratic  in  that  a consistent 

increase  in  characteristic  life  was  not  obtained  for  decreasing  maximum  load. 

No  assignable  cause  could  be  determined  for  these  results.  Nevertheless,  a 

least  squares  fit  was  obtained  for  the  log  F vs  log  t (shown  in  Figure  13) 

max 

and  the  slope  of  this  line  was  -0.  101.  In  accordance  with  Equation  (7),  this 

slope  value  implies  an  r value  of  5.  The  value  of  r obtained  from  a by  means 

o 

of  Equation  (14)  is  either  4.98  if  the  unbiased  average  aQ  is  used  or  is  5.  12 
if  the  value  of  aQ  from  the  standardized  static  strength  is  assumed.  The 
differences  between  these  values  are  not  practically  significant.  Further, 
r = 5 implies  by  Equation  (4)  that  = 1.  37  which  agrees  with  the  values  of 
o,£  calculated  from  the  fatigue  test  data.  Therefore,  it  is  concluded  that  the 
data  of  this  study  supports  the  relationships  expressed  in  the  model  between 
the  shape  parameters  of  the  static  strength  and  fatigue  life  distributions  and 
the  flaw  growth  parameter,  r.  In  all  further  analyses  it  was  assumed  that 
r = 6,  a = 11,  and  = 1. 37. 

o i 


4. 2 TIME  DEPENDENT  RESIDUAL  STRENGTH 


Equation  (4)  provides  a model  for  the  distribution  of  strength  as  a 
function  of  time  in  the  fatigue  environment.  Wolff  and  Lemon  [5]  tested 
the  applicability  of  this  aspect  of  the  model  by  exposing  specimens  to  the 
fatigue  environment  for  a period  of  time  and  statically  determining  the 
strength  of  the  unfailed  specimens.  Since  this  approach  requires  additional 
fatigue  specimens  and  since  the  present  program  was  directed  primarily 
to  the  investigation  of  the  shift  factor  aspects  of  the  model,  a different 
approach  to  evaluating  the  time  dependent  residual  strengths  was  employed. 
Since  each  specimen  contained  two  adhesive  joints,  the  strength  of  the 
second  joint  at  the  time  of  failure  of  the  first  joint  was  used  to  provide  an 
indication  of  the  validity  of  Equation  (4). 

Since  each  specimen  consists  of  two  joints,  the  static  strength  of  a 
specimen  can  be  considered  as  the  minimum  of  two  Weibull  random  variables 
which  also  has  a Weibull  distribution  with  a smaller  characteristic  life  and 
the  same  shape  parameter.  In  particular,  let  X denote  the  random  variable 
of  individual  joint  strength  with  distribution  function  given  by 

P(X  > x)  = exp  - [x/g]tto  (17) 


Then  if  F denotes  the  strength  of  a specimen, 


F = min  (X^,  X^) 


and 


P(F  > f)  = P [min  (X^  X ) > f] 


= exp  - 


(18) 


(19) 
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Thus,  at  time  zero 


- _L 

a a 

F(0)  =2  ° g (20) 

where  0 is  the  characteristic  strength  of  the  individual  joints  of  the  specimens. 

To  determine  the  characteristic  strength,  0,  of  the  individual  joints  and 

to  determine  if  the  application  of  the  load  to  the  failure  of  the  first  joint 

affected  the  strength  of  the  second  joint,  tl.e  strength  of  the  second  (unfailed) 

joint  of  the  specimens  statically  tested  at  T = 73°F  were  determined.  Since 

no  loading  rate  effect  was  observed  at  this  temperature,  all  60  of  the  joint 

strengths  were  pooled  and  the  maximum  likelihood  estimate  of  the  cnaracter- 

istic  strength  of  these  data  was  determined  to  be  5540  psi.  Since  this  value 

is  greater  than  the  predicted  (5380  psi)  from  the  minimum  of  two  Weibull 

random  variables  as  obtained  from  the  specimen  tests  and  Equation  (20),  it 

was  concluded  that  loading  the  stronger  joint  to  the  level  of  first  joint  failure 

did  not  degrade  the  stronger  joint  strength  and,  because  of  the  larger  sample 

o 

size  the  scale  parameter  of  all  joints  at  T = 73  F v/as  taken  as  5540  psi.  This 

A 

is  the  value  used  for  F(0)  in  Equation  (4)  since  the  strength  of  the  stronger 
joint  is  being  used  to  test  the  applicability  of  the  equation.  Strictly  speaking 
a higher  value  should  be  used  since  the  maximum  of  the  two  joints  would  not 
be  expected  to  have  a characteristic  strength  equal  to  the  individual  joints. 
However,  the  maximum  of  two  Weibull  random  variables  is  not  Weibull  and, 
thus,  a characteristic  strength  determined  only  from  the  stronger  joint 
strengths  would  also  not  be  correct.  Therefore,  it  was  decided  to  use  the 
characteristic  strength  of  all  individual  joints  and  subjectively  interpret 
the  time  dependent  residual  strengths  in  view  of  this  compromise. 

A 2(r-l)  2r 

According  tc  Equation  (6),  the  quantity  F(0)  /(r-l)AF  ol' 

iTlclX 

A 

Equation  (4)  can  be  estimated  by  t^  obtained  from  the  fatigue  experiment. 

A 

To  estimate  f^,  for  a larger  static  strength  characteristic  life  (second  joint 
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strength)  and  the  same  fatigue  environment,  the  ratio  of  the  characteristic 
lifetimes  yields 


Fj(0) 

Fr(°) 


2(r-l) 


(21) 


where  t*  and  Fri(0)  are  the  scale  parameters  of  the  fatigue  lives  and  static 
R " * 

strengths  for  reference  conditions  and  F^(0)  is  the  increased  scale  para- 
meter of  the  initial  static  strengths  of  the  stronger  joint  of  a specimen. 

The  undamaged  second  joints  of  the  fatigue  tests  run  at  T = 73°F  and 

F = 3100,  2900,  2700,  2500,  and  2000  lb  were  statically  tested  to  failure, 
max 

Using  Equations  (21)  and  (4),  predicted  10th,  50th,  and  90th  percentiles  of 

the  strength  distributions  for  these  values  of  F were  determined  as  a 

max 

function  of  time.  The  predicted  strength  percentiles,  being  a function  of  the 

characteristic  lives  under  five  values  of  F , were  widely  separated  in 

rnctx 

time.  However,  transforming  the  time  scale  by  the  predicted  median  life 

at  each  F level  within  a data  set  permitted  the  five  sets  of  data  to  be 
max 

presented  on  a single  plot  with  less  than  a 2 percent  error  in  the  transformed 
time  scale.  Figure  10  presents  the  predicted  percentiles  of  the  strength 
distribution  as  a function  of  trans.  rmed  time  and  the  observed  static  strengths 
of  the  42  undamaged  joints.  The  observed  strengths  are  reasonably  scattered 
with  respect  to  the  predicted  percentile  with  25  points  above  the  median  and 
17  below.  Since  these  joints  were  actually  the  stronger  of  two  with  the 
assumed  characteristic  life,  it  was  expected  to  have  more  points  above  the 
median  line.  Further,  since  the  failure  times  at  which  these  strengths  are 
plotted  were  determined  from  the  weaker  of  two  joints,  the  high  density  of 
data  points  at  the  shorter  time  was  also  expected.  The  results  presented  on 
this  figure  are  taken  as  supportive  evidence  that  the  model  for  predicting 
strength  as  a function  of  time  in  fatigue  environment  is  applicable  to  the 
adhesive  joints  of  this  study. 
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TRANSFORMED  TIME 


4.  3 SHIFT  FACTORS  FOR  ACCELERATED  TESTING 


The  objective  in  the  determination  of  the  shift  factors  from  the  static 

A 

tests  is  to  determine  the  amount  of  translation  of  log  t required  tc  account 
for  the  change  in  strength  due  to  temperature  and  loading  rate.  Equation  (16) 
provides  an  analytical  approach  to  the  determination  of  this  shift  factor  and 


was  applied  to  the  static  data  with  reference  conditions  taken  as  T = 73°F 

R 

and  V = 120  lb/min.  The  individual  logarithms  of  the  shift  factors  for  each 

x\ 

temperature  and  loading  rate  and  a curve  through  their  average  value  is 
shown  in  Figure  11.  The  separation  of  the  individual  log  a,^  values  at  a fixed 
temperature  is  due  to  the  difference  between  the  actual  and  assumed  slopes 

A A 

of  the  log  F^  vs  log  t^  curves.  That  is,  the  order  of  magnitude  separation 

in  the  a^,  values  at  T = 73°F  is  due  to  the  lack  of  effect  of  loading  rate  on 

characteristic  strength  at  this  temperature  and  the  log  (V  /V  ) term  of 

Rj  R 

Equation  (16)  is  0,  1,  or  2 depending  on  the  loading  rate.  Note  that  selecting 
V = 1200  or  12000  lb/min  simply  increases  the  log  a value  by  1 or  2, 
respectively,  and  does  not  change  the  shape  of  the  log  a^,  vs  T curve.  It  is 
apparent  from  this  figure  that  the  a_  values  for  the  three  loading  rates  would 

o 1 A 

be  equal  at  about  T = 275  F.  Thus,  in  this  temperature  range  the  log  F, 

A ^ 

vs  log  t^  curve  would  have  the  assumed  slope  of  -l/2r.  Using  the  average 

A A 

log  a values  for  each  temperature,  the  resultant  log  F vs  log  t/a  rela- 


tionship is  presented  in  Figure  12.  The  decrease  of  characteristic  strength 

A A 

with  temperature  and  the  linear  relationship  of  log  F^  vs  log  for  fixed 
temperature  are  apparent  in  the  figure. 


To  test  the  applicability  of  the  derived  shift  factors  to  fatigue  lives, 

fifteen  specimens  were  tested  in  constant  amplitude  fatigue  at  a temperature 

of  200  F with  F = 2000  lb  and  R = 0.  1.  The  shifted  fatigue  life  from  this 
max 

test  was  compared  to  the  results  of  the  fatigue  tests  performed  at  the 
reference  temperature  of  73°F.  This  comparison  is  presented  in  Figure  13 
which  is  a plot  of  log  F vs  log  t/a^  where  log  a^  = -1.  00  for  T = 73  F 
and  log  a^,  = -2.  18  for  T = 200°F.  The  straight  line  shown  on  this  graph  is 
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A T = 73°  F 
O T = 1 50°F 
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Figure  12.  Characteristic  Life  as  a Function  of  Transformed  Time  to  Break. 
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A T = 73°F 
Q T = 200°F 


logt/a,.,  (min) 


Figure  13.  Maximum  Load  as  a Function  of  Transformed  Life. 


the  least  squares  line  through  the  reference  temperature  data  and  the  slope 
of  this  line  -0. 101  agrees  with  the  predicted  slope  of  -l/2r  = -0.  10.  As 

A 

can  be  seen  from  Figure  13,  the  shifted  t value  for  the  accelerated  test 
agrees  well  with  the  predicted  value.  Therefore,  the  analytical  framework 
of  the  model  yielded  an  acceptable  agreement  between  theory  and  data  for 
this  one  accelerated  test. 


SECTION  V 


CONCLUSIONS 

The  objective  of  this  study  was  to  experimentally  verify  a fatigue  life 
assessment  methodology  for  a brittle  adhesively  bonded  joint.  The  parti- 
cular aspects  of  the  model  that  could  be  verified  in  the  study  and  the  con- 
clusions drawn  are  as  follows: 

1)  The  static  strengths  were  adequately  described  by  the  Weibull 
distribution  with  a constant  shape  parameter  over  the  range  of 
test  temperatures  and  loading  rates  considered. 

2)  If  long  life  outliers  are  eliminated  from  the  analysis,  the  fatigue 
lives  are  adequately  described  by  the  Weibull  distribution  with  a 
constant  shape  parameter.  No  assignable  cause  could  be  found 
for  the  outliers  but  their  inclusion  lead  to  parameter  estimates 
which  are  not  in  agreement  with  experience. 

3)  The  model  relationships  between  the  shape  parameters  of  the  static 
strengths  and  fatigue  lives  and  the  flaw  growth  rate  parameter  were 
verified. 

4)  The  predicted  distribution  of  strength  as  a function  of  time  in  the 
fatigue  environment  agreed  with  the  observed  strengths  of  the 
second  joint  of  a specimen  at  the  time  of  first  joint  failure. 

5)  On  the  basis  of  one  test,  agreement  was  observed  between  predic- 
tion and  observation  of  an  accelerated  fatigue  test. 

6)  The  failure  mode  of  all  tests  was  a cohesive  failure  in  the  adhesive. 
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APPENDIX  A 


TEST  DATA 
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Each  test  specimen  was  soaked  60  min.  $ -40°F  prior  to  testing. 


STATIC  STRENGTH 


INFORMATION*  I Failure  strength  was  determine! 


STATIC  STRENGTH,  T = 73  F,  V = 1200  LB/MIN 


determined  by  dividing  the  failure  loa« 


y'r- 


fvroBMATlQM  1 Failure  strength  was  determined  by  dividing  the  failure  load  by  the  snear  area  of  the 


TABLE  XXIII 


Each  test  specimen  was  soaked  60  min.  &300°F  prior  to  testing. 


TABLE  XXIX 


PSITIONAL  T£ST  INTORMATIOV  I Failure  strength  was  determine' 


TABLE  XXX 


TABI..E  XXXII 


TABLE  XXXII 


:ST  INTO?  M ATI  ON 


TABLE  XXXHI 


<T  INTO^MATION 


TABLE  XXXIV 


TABLE  XXXV 
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